The capacity degradation mechanism in lithium nickel-manganese-cobalt oxide (NMC) cathodes (LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC333) and LiNi 0.4 Mn 0.4 Co 0.2 O 2 (NMC442)) during high-voltage (cut-off of 4.8 V) operation has been investigated. In contrast to NMC442, NMC333 exhibits rapid structural changes including severe micro-crack formation and phase transformation from a layered to a disordered rock-salt structure, as well as interfacial degradation during high-voltage cycling, leading to a rapid increase of the electrode resistance and fast capacity decline. The fundamental reason behind the poor structural and interfacial stability of NMC333 was found to be correlated to its high Co content and the significant overlap between the Co 3+/4+ t 2g and O 2− 2p bands, resulting in oxygen removal and consequent structural changes at high voltages. In addition, oxidation of the electrolyte solvents by the extracted oxygen species generates acidic species, which then attack the electrode surface and form highly resistive LiF. These findings highlight that both the structural and interfacial stability should be taken into account when tailoring cathode materials for high voltage battery systems.
Nano Res. 2017, 10(12): 4221-4231 researchers around the world have endeavored to develop high-capacity electrode materials and particularly cathode materials, which are still a limiting factor on the total energy density of LIBs.
Recently, much effort has been devoted to developing layered-structure Ni-rich lithium nickel-manganesecobalt oxide (NMC; LiNi x Mn y Co z O 2 ) cathodes (x ≥ 0.5), considering that Ni can cycle between the Ni 2+/3+ and Ni 3+/4+ redox couples without large variations in the voltage during charge-discharge processes. The main advantage of Ni-rich materials is their high discharge capacity (200-220 mAh·g -1 ) [1, 2] , representing a large increase in the energy density (~800 Wh·kg -1 ) in comparison with conventional LiCoO 2 (~570 Wh·kg -1 ) and LiMn 2 O 4 spinel (~440 Wh·kg -1 ) materials. However, Ni-rich materials suffer from significant challenges, such as the sensitivity to ambient moisture, the formation of micro-cracks [3] and micro-strain [4] during cycling, and the thermal instability upon de-lithiation, hampering their practical use in commercial LIBs.
An alternative strategy to enhance the energy density of regular NMC materials is to increase the charge cut-off voltage to fully utilize the Li + ions in the layered structure [5] [6] [7] . Although typical NMC cathodes (e.g., LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC333) and LiNi 0. 4 Mn 0.4 Co 0.2 O 2 (NMC442)) deliver a discharge capacity of ~160 mAh·g -1 at a charge cut-off of 4.3 V with adequate cyclability, their limited discharge capacity does not satisfy the requirements for longrange EVs. Further increases in the charge cut-off voltages would enable a significant improvement of the discharge capacity, such as ≥180 mAh·g -1 at 4.5 V and ≥200 mAh·g -1 at 4.8 V [7] . However, this occurs at the expense of accelerated capacity degradation due to the deterioration of the structural and interfacial stability of NMC cathodes at high voltages [5, 6] . The detailed capacity degradation mechanism for LiNi 0.5 Mn 0.3 Co 0.2 O 2 (NMC532) was recently investigated by Kang et al. at a charge cut-off voltage of 4.8 V [7] . However, it is still not clear how the composition influences the stability of NMC cathodes during cycling at such a charge cut-off voltage. Therefore, a more detailed understanding of the degradation mechanism of NMC cathodes with different compositions at high charge cut-off voltages is necessary, which will help tailor the NMC composition to achieve increased energy densities with improved long-term cycling stability.
Herein, we have systematically investigated the capacity degradation mechanism of NMC333 and NMC442 at a charge cut-off voltage of 4.8 V using combined characterization techniques, including advanced scanning transmission electron microscopy (STEM), electron energy loss spectroscopy (EELS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), and X-ray photoelectron spectroscopy (XPS). Based on our investigation on the structural and interfacial changes in NMC cathodes after operation at a charge cut-off voltage of 4.8 V, a more in-depth understanding of the material composition effect on the high voltage stability of NMC cathodes is reported.
Results and discussion

Electrochemical performance
The electrochemical performance of LiCoO 2 (LCO) and four NMC cathode materials with various compositions was evaluated at charge cut-off voltages of 4.5 and 4.8 V. As shown in Figs. S1 and S2 in the Electronic Supplementary Material (ESM), the ternary NMC cathode materials exhibit superior cycling stability compared to the unary LCO [8] . However, the electrochemical performance of NMC cathodes depends on their content of Ni, Mn, and Co. The high voltage stability of the four NMCs was found to decrease in the order: NMC442 > NMC532 ~ NMC622 (LiNi 0.6 Mn 0.2 Co 0.2 O 2 ) ~ NMC333 at a charge cut-off 4.5 V and NMC442 > NMC532 ~ NMC622 > NMC333 at a charge cut-off 4.8 V. Although Kang et al. investigated the degradation mechanism of Ni-rich NMC532 at a charge cut-off voltage of 4.8 V [7] , the present work focuses on the evaluation of the capacity degradation mechanism of NMC442 and NMC333 during high voltage cycling. Figure 1 compares the electrochemical performance of cathodes NMC333 and NMC442 at C/10 and charge cut-off voltages of 4.5 or 4.8 V. At the charge cut-off of 4.5 V, NMC333 and NMC442 exhibit almost overlapped charge-discharge voltage profiles and deliver a similar discharge capacity of ~185 mAh·g -1 in the first cycle ( Fig. 1(a) ). However, these two NMC materials show different cycling stability. NMC442 shows only a 3.6% Nano Res. 2017, 10(12): 4221-4231 capacity loss after 100 cycles, lower than the 7.7% loss observed for NMC333 ( Fig. 1(b) ), indicating the superior stability of NMC442 compared to NMC333 at high charge cut-off voltages. When cycled in the voltage range of 2.7-4.8 V (Figs. 1(c) and (d)), both NMC333 and NMC442 can deliver improved discharge capacities of 215 and 206 mAh·g -1 , respectively, suggesting an obvious increase in their energy density (863 and 816 Wh·kg -1 for NMC333 and NMC442, respectively). The improvement in the energy density of the NMC cathodes at different charge cut-off voltages is compared in detail in Fig. S3 in the ESM.
One clear difference between NMC333 and NMC442 is observed during the initial charge process in the voltage region of 4.5-4.8 V (Fig. 1(c) ), where NMC333 exhibits an extended charge curve with a charge capacity up to 276 mAh·g -1 , considerably higher than that observed for NMC442 (237 mAh·g -1 ). Only a small difference is observed in their first discharge capacity. As a result, the initial coulombic efficiency of NMC333 is only 77.9%, much lower than the 86.9% value for NMC442. The large irreversible capacity loss in NMC333 at high voltages can be ascribed to irreversible oxygen extraction concomitant with electrolyte oxidation. [9] . This is considered the reason behind the reversible capacity of LiCoO 2 being limited to ~50% of its theoretical value, since de-intercalation of more than half of the Li ions (Li 1−x CoO 2 at x > 0.5) readily triggers such oxygen extraction and other safety issues [11, 12] . In this regard, the much higher charge capacity observed for NMC333 in the voltage region of 4.5-4.8 V is well correlated with its higher Co content [10] . The typical Nano Res. 2017, 10(12): 4221-4231 onset voltage for oxygen evolution is ~4.5 V [13, 14] , which is consistent with the critical point where the two charge curves deviate from each other. In comparison, NMC442 contains less Co (only 60% that of NMC333), and therefore is more stable upon charging at high voltages. Furthermore, the slightly higher content of Mn in NMC442 may also have a role in suppressing such oxygen extraction and mitigating the oxidation of the electrolyte at high voltages.
Owing to the different stabilities of the two materials at high voltages, big differences between their capacity retention curves are also observed ( Fig. 1(d) ). The NMC333 material exhibits a relatively low coulombic efficiency (inset of Fig. 1(d) ) and rapid capacity decay, retaining only 62.7% after 100 cycles, which is considerably lower than the value achieved with the NMC442 material (77.1%). In the following sections, the key findings on the structural and interfacial evolution of NMC333 and NMC442 are presented and discussed in detail.
Crystal structure of the pristine NMC333 cathode
The crystal structure of pristine NMC333 was first investigated as a reference. Pristine NMC333 is composed of well crystallized primary particles with particle size ranging from 500 nm to 1 m ( Fig. 2(a) ). Some micro-cavities are observed, ascribed to the formation of oxygen vacancies and shrinkage of the crystal structure during calcination at high temperatures, typically 900-1,000 °C . The atomic resolution STEM image obtained for the bulk region is shown in Fig. 2(b) . Only the TM ions at the 3b sites are discernible in the high-resolution Z-contrast image, while the Li (3a sites) and oxygen (6c sites) atoms are difficult to observe owing to their low atomic number. The atomic-scale image shows that the region labeled with green rhombi (in Fig. 2(b) ) matches well the atomic model of the LiMO 2 type R3 _ m phase in the [100] zone axis projection ( Fig. 2(c) ). The atomic resolution STEM image of the surface region shows a welldefined layered structure without any distinct Li/Ni cation disorder (Fig. 2(d) ). This observation is in good agreement with the low degree of Li/Ni cation disorder (typically 3%-4%) reported previously for NMC333 materials based on XRD refinements [15, 16] . 
Crystal structure of the cycled NMC333 cathode
After 100 cycles at a charge cut-off voltage of 4.8 V, several obvious changes are identified in the microstructure of the particles. One feature of interest is the formation of intra-granular micro-cracks in the cycled particles ( Fig. 3(a) ), which are consistent with those reported by Yan et al. [5] . The high resolution STEM images reveal a significant lattice expansion of these micro-cracked regions, as shown in Figs indicate where one row of TM ions splits, exhibiting drastic increases in the inter-slab distance between two neighboring TM ions. An atomic model simulating the micro-strain and micro-crack formation is shown in Fig. 3(d) . The intensity plot across the microcracked region shows that the inter-slab distance is increased to ~0.8 nm, much larger than the typical inter-slab distance of the original layered structure (~0.56 nm, Since these micro-cracks are only observed in the interior of the particles, the possibility of the attack of acidic species and the dissolution of TM ions can be ruled out. The primary origin for the formation of micro-cracks may be attributed to oxygen losses when the sample is charged at high voltages (up to 4.8 V) and the considerable build-up of internal microstrain. On the one hand, every time the electrode is charged at high voltages, oxygen anions migrate from the interior to the surface of the particles, where they are released as active oxygen species (e.g., [15] . Such a continuous oxygen loss gives rise to the formation of a significant amount of oxygen vacancies inside the particles, which weaken the electrostatic attraction between the remaining oxygen anions and the TM cations. On the other hand, the internal micro-strain build-up associated with the anisotropic volume variation at deep Li de-intercalation not only leads to cracking between primary particles but also results in micro-crack formation inside individual primary particles [3, 4] . Due to the serious loss of oxygen coordinates, the micro-cracked region becomes less and less reversible for Li + ion storage, resulting in a loss of capacity in the NMC333 cathode.
On the surface region, a surface reconstruction layer with 10-15 nm in thickness is clearly identified (Fig. 3(e) ). In this region, the Li sites of the Li layer have been occupied by TM ions, corresponding to a disordered rock-salt structure with the Fm3 _ m space (Fig. 3(f) ) [17] . The phase transformation from a layered to a disordered rock-salt structure originates from the deep Li ion removal (creating a large number of vacancies in the Li layer) and oxygen loss at high voltages. Consequently, TM ion diffusion into the Li layer is energetically favorable through adjoining tetrahedral sites [18] . This observation is consistent with previous reports on other NMC cathodes [17] , as well as Li-rich cathodes [19] . Typically, in stoichiometric layered LiMO 2 oxides, Li ions migrate via an o-t-o diffusion process, moving from one octahedral site to another via an adjoining tetrahedral site [20] . Due to the formation of a disordered rock-salt phase, the active Li sites are occupied and Li + ion diffusion pathways are blocked, resulting in a fast increase of the kinetic barrier for Li + ion diffusion. Therefore, the NMC333 material shows a drastic increase of its interfacial resistance (in particular, the charge transfer resistance) after cycling compared to NMC442 (Fig. S6 in the ESM) , which is responsible for the fast capacity fading of the NMC333 cathode.
Crystal structure of the pristine NMC442 cathode
Similar to pristine NMC333, the pristine NMC442 material is composed of well crystallized primary particles with sporadic micro-cavities (Fig. 4(a) ). The atomic resolution STEM image shows that the bulk matches the atomic model of the R3 _ m phase in the [100] zone axis projection. The distinct difference between pristine NMC333 and NMC442 is the degree of cation mixing in the surface region. The atomic resolution STEM images obtained from the surface region (Figs. 4(b) and 4(c) ) of NMC442 demonstrate that a few atomic Li layers are occupied by TM ions, assumed to be Ni 2+ ions (0.69 Å) due to their similar ionic radius with the Li ion (0.76 Å). This explanation is reasonable as NMC442 has a high Ni 2+ content and is also consistent with the slightly higher degree of Li/Ni cation disorder reported previously for NMC442 materials [21] .
Crystal structure of the cycled NMC442 cathode
In contrast to NMC333, the structure of NMC442 is much more stable during cycling at the charge cut-off of 4.8 V. Although the structural transformation from a layered to a disordered rock-salt phase is still observed at the particle surface, the thickness of the surface reconstruction layer (disordered rock-salt phase) is restricted to only 2-3 nm, as shown in Fig. 5 . The STEM images of other particles show very consistent results (Fig. S7 in the ESM) , confirming the superior structural stability of NMC442, probably due to the following aspects. First, NMC442 contains a larger amount of Mn 4+ , which plays an important role in the stabilization of the layered structure [22] . Second, the small amount of Ni 2+ in the 3a sites (Li/Ni cation disorder) of the pristine material could function as pillars between the TM layers [23] , stabilizing the layered structure of NMC442. Last but not least, in layered NMC cathode materials, the limited overlap between the redox active Ni 3+/4+ e g band and the upper edge of the O 2− 2p band [9] results in significantly less oxygen extraction when charged at high voltages. These are considered the key factors accounting for the superior structural stability of NMC442. 
EELS chemical analysis
To further assess the electronic structural changes, the EEL spectra acquired for the cycled particles of NMC333 and NMC442 are compared in Fig. 6 . Since the EEL spectra were obtained for the discharged materials, the oxidation state of Ni remains as Ni 2+ . For cycled NMC333, the oxygen electronic structure is quite different between the surface and the bulk. The pre-peak of the O K-edge almost vanishes in the outmost crystal edge region (Figs. 6(b) and 6(c) ). This proves a significant loss of oxygen from the crystal surface to balance the charge during each charging process to 4.8 V, affording a large number of oxygen vacancies. Meanwhile, the Mn L 3 /L 2 intensity ratio increases vastly on the oxygen deficient surface region (Fig. 6(d) ). Both these electronic signatures indicate a reduction of the Mn valence state in the surface region. In contrast, the pre-peak of the O K-edge is better maintained at the surface region of cycled NMC442 particles (Figs. 6(f) and 6(g)). Based on the intensity of the O K-edge peak, NMC442 retains 85% of its oxygen coordinates on the cycled particle surface (Fig. 6(g) ). This result suggests a much lower oxygen loss and superior structural stability of the NMC442 material, which coincides with the superior cycling performance of NMC442 (Fig. 1) .
It has been found that Mn valence states follow a linear relationship with the Mn L 3 /L 2 intensity ratio [24] . For cycled NMC333, the Mn L 3 /L 2 intensity ratio is 2.39 in the inner cycled bulk and 2.90 on the oxygen-deficient surface. The corresponding valence ) in the cycled bulk and +2.9 (Mn 2.9+ ) on the outmost surface region. The significant reduction in the Mn valence state at the surface region indicates obvious modifications in the local stoichiometry and chemical bonding of the surface phase. The valence of Mn ions on the surface region of the cycled particles is below that expected for a detrimental Jahn-Teller distortion (+3.5). Therefore, the Mn 3+ ions at the surface region are unstable and disproportionate to form soluble Mn 2+ , resulting in the loss of active material and a gradual capacity decay [25, 26] . On the contrary, for cycled NMC442, the Mn L 3 /L 2 intensity ratio is 2.20 in the inner cycled bulk and 2.33 at the surface region ( Fig. 6(h) ), indicating a high Mn valence state of +3.84 in the cycled bulk and +3.66 at the surface region. The Mn valence states in cycled NMC442 are still well above the value that would trigger Jahn-Teller distortions.
Interfacial characterization
ToF-SIMS was employed to investigate the interfacial degradation of NMC333 and NMC442 electrodes after high voltage cycling. As this technique was implemented on cycled electrodes comprised of the active material, super P (conductive carbon additive), and polyvinylidene difluoride (PVDF) binder, it is difficult to differentiate between the carbon signals of super P and those from the decomposed byproducts of the electrolyte solvents. We focused on the analysis of the decomposed byproducts of the Li salt (LiPF 6 ). The P + and LiF + signals are shown in Figs. 7(a) and 7(b) , where both signals are normalized with reference to the Mn signal. Both P + and LiF + signals for the electrode surface of the cycled NMC333 electrode were found to be almost twice as intense as those of cycled NMC442, indicating that more LiPF 6 is decomposed in NMC333 during cycling at a charge cut-off voltage of 4.8 V.
To further analyze the decomposition byproducts, we also carried out the XPS analysis of the cycled NMC333 and NMC442 electrodes. The F 1s spectra of the samples are shown in Figs. 7(c) and 7(d). Two peaks with binding energies of ~685 and 687.5 eV are observed for both electrodes, which are assigned to the decomposition products LiF (685 eV) and Li x PO y F z (687.5 eV) [27] . However, the relative intensities of the two peaks are different. The cycled NMC333 Nano Res. 2017, 10(12): 4221-4231 electrode exhibits a strong peak for LiF but a weak shoulder peak for Li x PO y F z . Conversely, a very strong peak for Li x PO y F z and a weak shoulder for LiF are observed in the case of the cycled NMC442 electrode. These results indicate that more LiPF 6 is decomposed into LiF on the surface of the cycled NMC333 electrode. The large amount of resistive LiF considerably increases the electrode polarization, resulting in the rapid capacity degradation of NMC333. This again could be closely linked to the higher Co content of NMC333 and greater extraction of lattice oxygen at high voltages. The highly reactive oxygen species released during the high-voltage charge process readily oxidize the electrolyte solvents and generate acidic species (HF, etc.) [28] , which aggressively attack the NMC333 electrode and cause the accumulation of LiF at the electrode surface. In contrast, the intrinsic structural stability of the NMC442 electrode minimizes said oxygen extraction and suppresses the oxidation of the electrolyte at high voltages. Consequently, the formation of acidic species is suppressed and the accumulation of LiF on the electrode surface is mitigated. The superior interfacial stability of the NMC442 electrode is considered another critical factor leading to its superior stability during high-voltage cycling.
The O 1s XPS spectra of cycled NMC333 and NMC442 were also compared. As shown in Fig. S8 in the ESM, the O 1s peak at ~529.2 eV (Me-O bond) could be ascribed to the lattice oxygen of NMC materials, while the peak at ~531.3 eV (C=O bond) is due to the presence of decomposition byproducts such as Li 2 CO 3 , alkyl carbonate, originated from the oxidation of the carbonate solvents [29] [30] [31] . The intensity ratios I C=O /I Me-O for NMC333 and NMC442 are presented in Fig. S9 in the ESM. The cycled NMC333 material shows a relatively higher intensity peak associated with the carbonate byproducts, suggesting that more side reactions occur between NMC333 and the electrolyte during cycling at the high charge cut-off voltage of 4.8 V. The relatively lower intensity of the peak associated with lattice oxygen (Me-O bond) evidences the oxygen loss during each charge to high voltages. In contrast, cycled NMC442 exhibits a smaller peak intensity ratio C=O/Me-O at different sputtering depths, indicative of a smaller amount of decomposition byproducts and the well-preserved lattice oxygen after cycling. This result is in good agreement with the EELS analysis and further confirms the superior structural stability of the NMC442 cathode.
Conclusions
The effect of the material composition on the highvoltage cycling stability of NMC cathodes has been systematically investigated. The primary reason behind the inferior stability of NMC333 at high voltages is directly related to its higher Co content and the significant overlap between the Co 3+/4+ 3d t 2g band and the O 2− 2p band, which leads to severe oxygen removal and subsequent structural changes. In addition, oxidation of the electrolyte solvents by the extracted oxygen species generates acidic species that attack the NMC333 electrode surface, leading to the formation of a solid electrolyte interphase layer enriched with resistive LiF. Therefore, NMC333 exhibits significantly faster capacity degradation during cycling at a charge cut-off voltage of 4.8 V. In contrast, the lower Co content (higher Mn content) of NMC442 gives rise to a more stable structure against oxygen removal, the formation of micro-cracks, and phase transformations. Furthermore, decomposition of the electrolyte on the electrode surface is also largely suppressed. The performance failure mechanism revealed in this work emphasizes that the material composition should be carefully tailored in the future development of NMC cathodes for high-voltage battery systems.
Methods
Material preparation and characterization
LCO, NMC333, NMC442, NMC532, and NMC622 electrodes were supplied by the Cell Analysis, Modeling, and Prototyping (CAMP) Facility at the Argonne National Laboratory. The electrode disks (diameter of 1/2 inch) were punched and dried at 75 °C in a vacuum oven overnight prior to cell assembly.
Details for the STEM sample preparation and transfer procedure have been described in our previous work [19] . The atomic-scale microstructure of the pristine Nano Res. 2017, 10(12): 4221-4231 and cycled particles was characterized by chemical sensitive Z-contrast imaging and advanced EELS analysis using a probe aberration-corrected FEI Titan STEM and image-corrected FEI environmental transmission electron microscopes operating at 300 kV. The EEL spectra of the O K-edge were normalized to the middle peak of the oxygen K-edge, while the Ni, Mn, and Co L-edges were normalized to the corresponding L 3 peaks for ease of comparison. The XPS analysis was carried out with a Physical Electronics Quantera Scanning X-ray Microprobe, equipped with a focused monochromatic Al Kα X-ray (1,486.7 eV) source for excitation. Depth profiling experiments were performed on a ToF-SIMS instrument (TOF.SIMS5; IONTOF GmbH, Münster, Germany).
Electrochemical measurements
R2032 coin-type cells were used to assess the electrochemical properties of the cathodes. The coin cells were comprised of an NMC electrode disc, Li foil as the anode, and two pieces of Celgard 2500 as separators. The electrolyte consisted of 1 M LiPF 6 dissolved in a mixture of ethyl carbonate and dimethyl carbonate (1:2 v/v). The cell assembly was carried out in an Ar-filled glove box (MBraun, Germany) where both the oxygen and moisture contents were <1 ppm. Cycling stability tests were conducted galvanostatically at C/10 in the voltage range of 2.7-4.5 or 2.7-4.8 V on an Arbin BT-2000 battery tester at room temperature (~25 °C ). The 1 C rate corresponds to a current of 180 mA·g -1 . Electrochemical impedance spectroscopy measurements were carried out at a charged state of 4.3 V in the frequency range from 10 5 Hz to 1 mHz with 10 mV potential perturbation using a 1255B Frequency Response Analyzer linked to a Solartron 1287 electrochemical interface.
